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TWO-PHASE PARTITIONING SYSTEM USING POLYMERS FOR THE 
BIODEGRADATION OF AQUEOUS PHENOLS 
 
Amit Suresh Ghode            December 2010             55 pages 
Directed by: Dr. Darwin B. Dahl 
Department of Chemistry     Western Kentucky University 
 A solid-liquid two phase partitioning system (TPPS) is a new technology 
platform for destroying toxic organic compounds. TPPS have traditionally been operated 
by using an immiscible organic phase which partitions organic compounds into the 
aqueous phase. TPPS using an immiscible organic phase suffers from several limitations 
such as the organic phase could be biodegradable and hence only certain compatible 
microbial strains could be used.  This therefore, eliminates the desired use of mixed 
microbial populations for efficient degradation. A solid-liquid two phase partitioning 
system, in which solid polymeric beads replace liquid organic phase, appears to have 
benefits over the traditional liquid-liquid partitioning systems. The choice of suitable 
polymeric material should have similar absorption properties as the liquid organic solvent 
but have the added benefit of being able to be used with mixed microbial population. In 
this study, poly (ethylene-co-vinyl acetate), brand name ELVAX 40W, was selected as 
the test polymer in an effort to lower the concentrations of selected analytes; phenol, 4-
nitrophenol and o-cresol in aqueous solutions. Studies were performed to determine the 
degree of partitioning using HPLC and UV-VIS. Kinetic studies were also performed and 
illustrated a first order dependence on the absorption of the phenols tested. Activation 
 
 
ix 
 
energies were also determined for each analyte. Rate constants were on the order of 10-4 
min-1. Activation energy ranged from 19-46 kJ/mol. 
 Regeneration tests showed that a release of analyte from the polymer is possible 
when the beads are placed in water. Therefore the ability to reuse the polymer is possible 
and therefore cost efficient. The polymer was observed to lower high concentrations up to 
2000 ppm suggesting its potential use to treat the high concentrations of toxic organic 
compounds.
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I. INTRODUCTION 
Bhopal Gas Tragedy, the worst chemical disaster in history occurred at Union 
Carbide India (UCIL) factory located at Bhopal, India. More than 2000 human lives were 
lost due to the release of methyl isocyanate (MIC). Even after 26 years dangerous levels 
of  highly toxic chemical, dichlorobenzene is found in the community drinking water 
which is hazardous in nature and has severe adverse effect on liver, kidney and 
respiratory system. 1 
According to U.S. Environmental protection agency’s “Four lab study” which 
involved participation of researchers from four national laboratories and Centers of the 
Office of Research and Development along with the collaborators from the water industry 
and academia showed that oxidants such as chlorine were found in drinking water which 
leads to the production of various disinfection byproducts such as chloroform. In 
addition, various other chemicals including halomethanes, haloacids, halonitriles, 
haloketones were identified in chlorinated water. 2 These byproducts are serious 
carcinogens and may lead to bladder cancer, neural tube defects, urinary system defects, 
ventricular system defects etc.3 Realizing that billion gallons of wastewater is produced 
daily the release of various toxic contaminants is substantial. Included in the list of 
contaminants are the xenobiotics which are aromatic and halogenated toxic organic 
compounds originating from industrial activities. The release of such xenobiotics, possess 
serious health hazard problems to human health as well as the environment.4 Among 
these widely spread xenobiotics are substituted phenols which originate from various 
industrial activities. Phenol is an organic aromatic compound arising from petroleum 
refineries, production of nylon and various resins. A water soluble compound, phenol is
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 generally found in wastewater at concentrations ranging as high as 3 g/L.5 The 
substituted phenol, 4-nitrophenol results as a waste product from various industrial 
manufacturing process such as explosives, drugs, dyes, insecticides and pesticides and as 
such is a wide spread contaminant.6 Polycyclic aromatic hydrocarbons are another set of 
toxic organic compounds occurring due to fossil fuel combustion and industrial coal 
gasification to name but a few sources. These organic contaminants have proved to be 
carcinogenic and often cannot be treated by any single remediation strategy whether 
physical, chemical or biological due to their extremely hydrophobic nature.7  
 Waste water can be treated by various physical, chemical and biological methods. 
Physical methods such as sedimentation, degasification, aeration etc., are commonly used 
for the treatment of waste water. Chemical methods such as chlorination, ozonation, and 
activated carbon adsorption have also been commonly used. These methods have inherent 
limitations such as expense, use of toxic chemicals, large space requirement and risk of 
producing toxic byproducts.  
 Biological methods provide an alternative to physical and chemical methods for 
treatment of xenobiotics. They have also shown to be a safe and low cost method causing 
almost complete mineralization of toxic organic compounds. Various fermentation 
processes for phenol treatment are widely used in biological methods.8 Fermentation 
processes are mainly carried out in batch, fed batch and continuous mode. In continuous 
mode, high dilution rates are required when influent analyte concentration is low and low 
dilution rates are required when influent analyte concentration is high. This type of 
fermentation shows a decreased efficiency at high analyte concentration. In order to 
overcome this limitation 4.0 L or 1.0 L fermentors are used. The disadvantage of this 
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technique is the cost, primarily due to the requirement of 1000 rpm agitation and aeration 
of 1.0 volume of air per volume of medium per minute (vvm).9, 10 Even the batch and fed 
batch experiments suffers from the drawback in which very low initial concentrations of 
analyte are required to prevent microbial inhibition from the toxic organic compounds.11 
Major limitations associated with the biological treatment of xenobiotics or toxic organic 
compounds is analyte delivery. When microorganisms are in contact with toxic organic 
compounds, the concentration of these analytes should be closely monitored. If the 
concentration of analyte is too low then the microorganisms may suffer from starvation 
and if the concentration of analyte is too high then inhibition or fatality would occur. 
Therefore, there have been efforts focused on developing biological processing which can 
treat these toxic contaminants effectively. One such process is a Two Phase Partitioning 
System (TPPS). TPPS is a good alternative with respect to resolving the limitations 
experienced with conventional biological methods. TPPS is mainly based on the use of 
analyte containing organic phase and microorganism containing aqueous phase. The 
organic phase is generally a water immiscible solvent which floats on the aqueous phase 
and readily absorbs a large concentration of the analyte.  By partitioning, the analyte will 
be dispersed into both phases. Therefore, even when very high concentrations of toxic 
organic compounds are added, microorganisms will experience only very low 
concentrations when partition coefficients are favorable. When the analytes partition into 
the aqueous phase at low, controlled concentration, microbes are able to degrade these 
toxic analytes. If equilibrium conditions are functioning more of the analyte is partitioned 
into the aqueous phase and is continued until ultimately the contaminant is depleted. The 
control of analyte exposure to the microbes and the rate at which the analyte is provided 
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is dependent on the metabolic activity of microbes rather than mass transfer and thus can 
be concluded that the system is self regulating.4 
 
 
 
 
 
Figure 1: Schematic diagram of two phase partitioning system.4 
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 TPPS along with specific strains of microorganisms have proved beneficial to 
biodegrade various toxic organic compounds. For example, PAH’s can be degraded using 
S.aromaticivorans and S.paucimobilis.12 Similarly, phenols can be degraded using 
pseudomonas putida.13 Even explosives such as hexahydro-1, 3, 5,-trinitro-1, 3, 5-S-
triazine which is commonly called RDX, can be effectively treated using Enterobacter 
cloacae ATTCC 43560.14 
 In traditional TPPS’s immiscible organic liquid solvent is used as an organic 
phase. Many solvents can be used such as; 2-decanone (partition coefficient 115), 2-
undecanone (partition coefficient 93) and diethyl suberate (partition coefficient 92). A 
wide selection of solvents can be found by searching the ESP database.15 The ideal 
solvent which can be used as a delivering phase should be non-toxic, non-bioavailable, 
must have a large partition coefficient and should be inexpensive.16 However, many 
liquids used in TPPS as the delivering phase have limitations such as bioavailability, 
cytotoxicity, volatility and flammability and inherent toxicity to both the process operator 
and the environment. Some of the organic solvents have also been found to cause damage 
to the cell wall of bacteria.17, 18 Also, there have been reports of the formation of micro-
emulsions causing the entrapment of microorganisms. Even during the mixing, formation 
of a biofilm occurred at the solvent-water interface resulting in a reduction of the active 
fraction of biomass in the biodegradation process.19 These solvents could also serve as a 
carbon energy source for the microorganisms present in the system thus it has been 
always recommended that pure organic solvents should be used as the analyte delivery 
phase with a single strain of microorganisms to avoid the possibility of degradation of 
organic solvent if the mixed species of organisms are used. Therefore, solvent selection 
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and pairing of analyte with the particular strain of microorganism is needed for high 
efficiency of this technique.18, 20  
Several efforts have been made to minimize these effects of bioavailability of 
organic solvents. One of them is to immobilize the organic solvent with calcium alginate 
hydro gels.18 Also, the use of ionic liquids such as phosphorium ions which are organic 
salts in liquid state at room temperature have been popular. They have no measurable 
vapor pressure and thus there is little possibility of gaseous emission which makes them 
non flammable and thus safe as compared to other organic solvents. Ionic liquids also 
often display cytotoxicity. Limiting its use mainly to the enzymatic biotransformation 
rather than cell based systems.16, 17 Several other liquids have been reported as a 
delivering phase in efforts to overcome the problem of solvent degradation. One 
interesting application was the use of non-biodegradable silicon oil as a delivering phase. 
Silicon oil did prove non-biodegradable to mixed cultures of the microorganisms but 
suffered from many disadvantages as compared to its advantages.  For example, its high 
viscosity resulted in decreased analyte solubility and therefore a decreased partition 
coefficient.21 In summary, the use of an organic liquid as a delivering phase is of limited 
practical use. 
The use of solid-liquid TPPS’s proves to be an effective delivering scheme in 
conjunction with mixed species of microorganisms. Polymeric beads possess several 
advantages over liquid organic solvents in respect to being biocompatible and non-
biodegradable. They are capable of selective absorption and can release analyte 
molecules on demand to microbes in the aqueous phase due to equilibrium. The major 
advantage of the use of a polymer in TPPS is the ability to use a microbial consortium 
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rather a single strain microorganism. Research has shown that if a system were operating 
using a single strain of microorganisms and if contamination occurs, it often results in 
consumption of the organic liquid solvent and therefore yields inconsistent data. The use 
of a microbial consortium eliminates the need for sterilization because the contamination 
leads to an improved microbial consortium which would be capable of degrading a 
variety of target analytes. Also, as in the case of TPPS utilizing organic liquid, polymers 
can be tailored to different target molecules through monomer selection, functionalization 
and co-polymerization cross linking and polymer processing.20 
 Activated carbon has also been used to reduce aqueous toxic contaminants. The 
mechanism of action in case of activated carbon is adsorption wherein the analytes would 
irreversibly adsorb themselves onto the surface of the activated carbon. This necessitates 
the attachment of microbes to the surface of activated carbon which results in a dramatic 
decrease in the rate of remediation.20 
 In choosing an appropriate polymer to use in TPPS, there are varieties to choose 
from i.e. a) Non-polar polymers [low density poly (ethylene) (LDPE) and poly 
(propylene) (PP)]. b) Polar polymers [poly (ethylene glycol terephthalate) (PET), 
polyamide 6 (PA6) and polyamide 12 (PA 12)] and copolymers that combine both polar 
as well as nonpolar monomer units [poly (ether-block-amide) and poly (ethylene-co-vinyl 
acetate) (EVA)]. Polymer selection is similar to that of selecting an organic solvent.22 The 
polymer chosen should ideally be more amorphous allowing greater diffusion of target 
molecules into and out of the polymer bead in contrast to a crystalline polymer which 
does not provide diffusion.23 
10 
 
 
 
 The polymer we chose in this study was poly (ethylene-co-vinyl acetate) (EVA) 
which has a brand name of Elvax. Several brands of Elvax beads are available, such as 
Elvax 4.5, Elvax 9, Elvax 19, Elvax 33, Elvax 40 etc. Each brand varies with the 
concentration of vinyl acetate. Thus, Elvax 9 has vinyl acetate concentration of 9 %, 
Elvax 23 has vinyl acetate content of 23 % and so on.22 Elvax 40W polymer beads are 
spherical in shape with a radius of 1.7 mm and density of 0.967 g/cm3.24 Elvax beads 
effectively absorb phenol and substituted phenol such as o-cresol and 4-nitrophenol.18, 25 
These analytes are absorbed by the polymer; the primary mechanism of absorption of 
phenol is hydrogen bonding between the functional groups of the polymer and the polar 
hydroxyl group on the benzene ring. Therefore an increase in the percentage of vinyl 
acetate increases the number of functional group resulting in an increase in the number of 
sites for hydrogen bonding. It is confirmed that an increase in the concentration of vinyl 
acetate linearly increases the absorption capacity of the polymer for the analytes.20, 26 
 In considering effective interaction between analytes and a given polymer, 
diffusion coefficient should also be given attention. When diffusion coefficient values DI 
and DL were calculated for water diffusion in Elvax 19, a smaller DI value (4.5) was 
found when compared to the DL value (4.7).  The smaller DI value indicates that water 
diffusion increases as the permeation proceeds from starting point. Such gradual increase 
is mainly due to the plasticization of the material by the water. At the same time, DI and 
DL values for non-polar polymers such as poly (propylene) (PP) and low density poly 
(ethylene) (LDPE), were completely opposite from that of Elvax 19. The DI and DL 
values for PP were found to be 10.89 and 5.2 respectively while the LPDE values of DI 
and DL were found to be 9.17 and 6.7 respectively. This decrease in diffusivity during the 
11 
 
 
 
permeation process is generally attributed to the water clustering in the polymers. The 
formation of cluster from minimizing the system’s free energy thus, even small amounts 
of water can form clusters in the hydrophobic medium similar to that of PP and LDPE. 
The overall diffusivity of water in Elvax 19 polymer was found to be 4.5 with a 
plasticization factor of 0 while in Elvax 33 the total diffusivity was 14.1 with a 
plasticization factor of 1.42 and in Elvax 50, the total diffusivity was 39.1 with a 
plasticization factor of 1.88. Thus, it can be noted that water permeability and 
plasticization increases with an increase in the vinyl acetate concentration. With Elvax 
19, no plasticization was observed. This may be due to the lack of water cluster formation 
in the polymer resulting from the vinyl acetate content or perhaps because of cancellation 
of negative plasticization effects caused by water clustering and positive plasticization 
effects occurring due to a free volume increase. In contrast to the Elvax 19 and the higher 
vinyl acetate containing Elvax polymers, Elvax 4.5 showed a negative plasticization 
effect somewhat similar to the LDPE. But the amount of water absorbed by the Elvax 4.5 
is more compared to LDPE. Values for the plasticization factor are higher for the polar 
polymers than for Elvax polymers mainly because of the polar nature of the polymer 
which increases water concentration at the polymer face when in contact with water.22 
12 
 
 
 
 
Figure 2.1: Image of Elvax 40W by light microscope in high magnification dark field. 
 
Figure 2.2: Image of Elvax 40W by light microscope in low magnification bright field. 
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It is desirable to introduce a system which can lower the levels of toxic 
compounds by enabling microorganisms to effectively biodegrade them. Literature has 
shown that superior performance is obtained with solid-liquid systems rather than liquid-
liquid systems and hence should be considered for the degradation of analytes. The 
motivation of this study is to demonstrate a low cost, biodegradation strategy for the 
treatment of phenols and substituted phenols by using Elvax 40W as a solid-liquid TPPS. 
A study to investigate the degree of partitioning, kinetics and regeneration associated 
with the system is premise for this thesis.
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II. EXPERIMENTAL 
A. Chemicals and Materials: 
All chemicals used were of ACS reagent grade. 4-nitrophenol (4-NP), o-cresol 
and phenol were purchased from Sigma-Aldrich chemicals. HPLC grade methanol was 
purchased from Honeywell Burdick-Jackson chemicals. All solutions were prepared in 
nanopure water. Elvax 40W was provided by DuPont. The composition of the polymer is 
polyethylene-vinyl acetate (40 percent of vinyl acetate). It is in form of spherical beads 
(~1.7 mm radius) with density 0.967 g/cm3 and a melting point of 47oC/117oF. 
B. Instrumentation: 
B.1. High Performance Liquid Chromatography (HPLC): 
A VarianTM HPLC with a Varian variable wavelength UV-Visible detector 
(Model 9050) and a Varian reciprocating pump (Model 9010) was used for HPLC 
analysis. Samples were injected (25µL) using a Hamilton gastight syringe of total volume 
250µL into a fixed 25 µL injection loop. The column used was a Beckman Ultrasphere 
5µm spherical 80 Å pore C18, 4.6 I.D. (mm) × 250 length (mm) reverse phase column. 
The mobile phase was operated using an Isocratic mode: reservoir A; 1 % acetic acid in 
methanol and reservoir B; 1 % acetic acid in nanopure water. The isocratic program 
consisted of A: B, 60:40 for 25 min. The flow rate was maintained at 0.90 mL/min.
15 
 
 
 
B.2. UV-Visible Spectrophotometer: 
A Shimadzu UV-Visible spectrophotometer (Model 160) was used for absorbance 
measurements. 4-nitrophenol aqueous solutions were analyzed at 316 nm. Aqueous 
solutions of phenol and o-cresol were analyzed at 269 nm and 270 nm respectively. 
B.3. Scanning Electron Microscope (SEM): 
Images of the ELVAX 40W polymer bead surface were taken using a JEOL-JSM-
5400LV Scanning Electron Microscope (Tokyo, Japan). 
B.4. Light Microscope: 
 Light images of the polymer beads were taken using a JVC, KY-F75U (10X x 
2.0X) light microscope (USA). 
 C. Methods: 
C.1. Absorption calibration curve: 
In order to determine the substrates uptake by the polymer beads, calibration 
curves were prepared. Individual standard stock solutions of the substrates were initially 
prepared. 4-nitrophenol stock solution was prepared by dissolving 0.015 g in 0.100 L 
nanopure water. Serial dilution of stock solution allowed the preparation of 2.0 ppm, 5.0 
ppm, 10 ppm, 15 ppm and 20 ppm working standards. Similarly phenol stock solution 
was prepared by diluting 14.0 µL of phenol to 0.100 L nanopure water. Working 
standards of 10 ppm, 20 ppm, 30 ppm, 40 ppm, 50ppm and 60 ppm were then made. A 
similar range of working standards was prepared for o-cresol from a stock solution made 
by diluting 14.3 µL of o-cresol to 0.100 L nanopure water. The working standards were 
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then analyzed by UV-Visible spectrophotometry. 4-nitrophenol samples were analyzed at 
316 nm. Phenol and o-cresol were analyzed at 269 nm and 270 nm respectively. The 
calibration curve of Absorbance vs. Concentration (ppm) is shown in the Figures 3.1, 3.2 
and 3.3. 
C.2. Pretreatment of polymer with methanol: 
 Initially, polymers were washed with methanol in order to remove any residual 
matter. Polymer beads weighing 10.0 g were washed three times with 10.0 mL of 
methanol on each washing. They were then dried at room temperature for 6 hours and 
then added to 100.0 mL of 60 ppm 4-nitrophenol solution. Concurrently, another 10.0 g 
of polymer beads were taken and without washing with methanol were added to 100.00 
mL of 60 ppm 4-nitrophenol solution. Both the solutions were analyzed after every 60 
minutes up to 360 minutes by UV-Vis spectrophotometry. Respective concentrations 
were calculated and plotted as concentration (ppm) vs. time (min) and is shown in 
Figures 4.1 and 4.2. 
C.3. Polymer absorption: 
To determine the degree of solute interaction with the polymer, uptake studies 
were performed. The working volume of the individual analyte was 100.00 mL and the 
polymer amount taken was 10.0 g. The initial solution concentration for all the three 
analytes was 60 ppm. All reaction mixtures were placed on a shaker to ensure that 
continuous mixing occurred. Absorbance was measured every 60 minutes up to the final 
time of 360 minutes by UV-Vis spectrophotometry. Respective concentrations were 
calculated and plotted as concentration (ppm) vs. time (min) for the three analytes 4-NP, 
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o-cresol and phenol. These plots are shown in Figures 5.1, 5.2 and 5.3. A similar test was 
performed with an extended time period to determine the time when equilibrium was 
reached. Similar solutions of individual analyte were made as mentioned above. 
Absorbance was measured at regular time intervals up to 48 hours by UV-Vis 
spectrophotometry. Resultant concentrations calculated are shown in Figures 5.4, 5.5 and 
5.6. 
C.4. Kinetic Studies: 
Kinetic studies were conducted in order to determine the rate and effect of 
temperature on absorption of analytes by the polymer. The polymer (10.0 g) was placed 
in 100.00 mL of each analyte solutions under continuous mixing using a magnetic stirrer. 
The initial concentration for all the three analytes was 60 ppm. Resultant concentrations 
were measured at regular time intervals for a total span of 5 hours. The solutions were 
analyzed by UV-Vis spectrophotometry. The tests were performed at 30, 35 and 45oC. 
The resultant concentrations were calculated and are summarized in Tables 1.1, 1.2 and 
1.3 respectively. The collected data allowed the calculation of respective activation 
energies and are shown in Table 2. All data were fit to zero, first and second order 
equations. The best fit was shown to be first order. Thus first order plots were considered. 
C.5. HPLC analysis: 
 In order to determine the effect of multiple analytes, HPLC analysis was 
performed. Initially individual analyte solutions of 20 ppm were made. These solutions 
were then analyzed by HPLC. An isocratic mode consisted of 60 % of reservoir A; 1 % 
acetic acid in methanol and 40 % of reservoir B; 1 % acetic acid in water with a run time 
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of 25 min. A C18 reverse-phase column was used coupled to a UV-Visible detector 
operated at 254 nm. Retention time of the individual peaks was noted that identified with 
the peak of each analyte when compared to that in the mixture solution. The 
chromatograms are shown in Figures 7.1, 7.2 and 7.3. Stock solution was prepared which 
included all the three analytes of a concentration of 150 ppm. The stock solution was 
prepared by adding and diluting 0.030 g 4-NP, 28.0 µL of phenol and 28.6 µL of o-cresol 
to 0.200 L with nanopure water. From this stock solution, working standard solutions of 
5.0 ppm, 10 ppm, 15 ppm, 20 ppm and 25 ppm were prepared. These solutions were 
analyzed by HPLC using the same conditions as outlined above. The chromatograms 
consisted of three peaks: 4-nitrophenol, phenol, and o-cresol. A representative HPLC 
calibration curve is shown in Figure 7.4. 
C.6. Partition coefficients: 
 Partition coefficients were determined by using the following equation,  
 VL CO = VL CL + (MS/ρ)PCL 
Where, P = Partition Coefficient, Co = Concentration in liquid phase at 0 time, CL = 
Concentration in liquid phase at t time, Ms = Polymer mass, VL = Liquid Volume, p = 
Density of polymer. 
 Several tests were performed to determine the partition coefficients of the 
individual substrates with that of the polymer. 
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a) Partition coefficient determination of individual analyte solution with varied 
amount of polymer: 
In this test, for each analyte five 250 mL Erlenmeyer conical flasks were 
taken. The working volume was 30.00 mL and the polymer amounts added 
were 0.50, 1.0, 2.0, 3.0 and 4.0 g. The initial concentration for all the three 
analytes was 60 ppm and the concentration was measured every 6 hours. The 
final concentration was measured after 48 hours to ensure that the equilibrium 
was reached. The solutions were then analyzed by using a UV-Visible 
spectrophotometer as in C.1. The resultant partition coefficients were 
calculated from the plots shown in Figures 8.1, 8.2 and 8.3.  
b) Partition coefficient determination of individual analyte solution with fixed 
amount of polymer: 
This test was performed by using fixed amounts of polymer. The working 
volume of the individual analytes was 100.00 mL and the polymer amount 
added was 10.0 g to each solution. The initial concentration for all the three 
individual analytes was 60 ppm and the resulting concentration were 
measured after 48 hours. The solutions were then analyzed by UV-Visible and 
HPLC as conditions in C.1 and C.5.  
c) Partition coefficient determination using mixed analyte solution: 
The following test was performed using a fixed amount of polymer but with a 
mixed analyte solution. Solutions of 60 ppm were prepared from 150 ppm 
stock solution was prepared by adding 0.030 g 4-nitrophenol and 28.0 µL of 
phenol and 28.6 µL of o-cresol and diluting to 0.200 L nanopure water. The 
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working volume of the mixed substrate solutions was 100.00 mL and the 
polymer amount added was 10.0 g. The final concentration was measured 
after 48 hours when equilibrium was reached. The solutions were then 
analyzed by HPLC with conditions as in C.5. The respective HPLC 
chromatogram of mixed substrate solution is shown in Figure 8.4. 
C.7. Scan and Light microscopy of the polymer: 
 ELVAX 40W beads were viewed using a scanning electron microscope (SEM). 
Standard SEM procedures were followed i.e., the samples were subjected to gold 
sputtering and then analyzed by SEM. Additionally the inner surface of polymer beads 
was analyzed by breaking the polymer. The polymer beads however were very soft and 
could not be broken easily; hence the beads were treated with liquid nitrogen then broken 
into smaller pieces using mortar and pestle. The beads were then viewed using SEM with 
a resolution of 200 nm. The image is shown in Figure 9.1. 
 ELVAX 40W beads were also analyzed for any physical changes i.e. swelling 
after treatment with the analytes. Ten grams of polymer beads were added to 100.00 mL 
of each analyte solution. The concentration of each analyte was 60 ppm. These polymer 
beads remained in contact with the analyte solutions for 15 days. Polymer beads were 
then analyzed using light microscope to determine any physical changes occurred. These 
images are shown in Figures 9.2-9.9. 
C.8. Regeneration of polymers: 
 The goal of this study was to demonstrate the regeneration of the Elvax 40W 
polymer to allow the future reuse of polymer for degradation of analytes. The polymer 
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beads obtained from the above partition coefficient test of individual analytes using 10.0 
g of polymer were used in this study. The 10.0 g of polymer beads collected from their 
individual analytes were washed three times with 10.00 mL of nanopure water and then 
added to 100.00 mL of nanopure water and shaken continuously with the use of an 
automated shaker for 48 hours. The final concentration was then analyzed by HPLC 
using same conditions as in C.5 to observe whether the analytes are released back into the 
nanopure water.  
C.9. Capacity of the polymer: 
 In order to determine the maximum amount of analyte taken up by the polymer, 
capacity test was performed. In this test, 100.00 mL of working standards of 100 ppm, 
250 ppm, 500 ppm, 750 ppm of 4-nitrophenol were prepared. These analyte solutions 
were analyzed by HPLC using the conditions as in C.5. A representative calibration curve 
was made shown in Figure 10.  
The 10.0 g polymer sample was placed in 100.00 mL of the analyte solutions of 
4-nitrophenol at concentrations of 100 ppm, 250 ppm, 500 ppm, 750 ppm, 1000 ppm and 
2000 ppm under continous mixing for 48 hours by using an automated shaker. These 
solutions were then analyzed by using HPLC with the same conditions as in C.5. Partition 
coefficients of the respective solutions were calculated.   
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Fig 3.1: UV-Vis calibration curve for 4-nitrophenol standard solutions. 
 
Fig 3.2: UV-Vis calibration curve for o-cresol standard solutions. 
 
Fig 3.3: UV-Vis calibration curve for phenol standard solutions. 
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Fig 4.1: Pretreatment of polymer with methanol washing. 
 
Fig 4.2: Pretreatment of polymer without methanol washing. 
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Fig 5.1: Polymer absorption of 4-NP up to 360 min. 
 
Fig 5.2: Polymer absorption of o-cresol up to 360 min. 
 
Fig 5.3: Polymer absorption of phenol up to 360 min. 
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Fig 5.4: Polymer absorption of 4-nitrophenol up to 48 hours. 
 
Fig 5.5: Polymer absorption of o-cresol up to 48 hours. 
 
Fig 5.6: Polymer absorption of phenol up to 48 hours. 
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Table 1.1: Kinetic studies; Concentration profile of 4-nitrophenol. 
Time (min) 
 
30oC 35oC 45oC 
0 62. ppm 59. ppm 60. ppm 
15 55. ppm 55. ppm 55. ppm 
30 54. ppm 54. ppm  52. ppm 
60 52. ppm 52. ppm  48. ppm 
120 50. ppm 47. ppm  41. ppm 
180 45. ppm 45. ppm 34. ppm 
240 44. ppm 41. ppm 33. ppm 
300 44. ppm 40. ppm 28. ppm 
 
Table 1.2: Kinetic studies; Concentration profile of o-cresol. 
Time (min) 
 
30oC 35oC 45oC 
0 63. ppm  62. ppm  63. ppm 
15 62. ppm 58. ppm  60. ppm  
30 61. ppm 55. ppm  51. ppm  
60 59. ppm 54. ppm  46. ppm 
120 53. ppm 45. ppm  37. ppm 
180 48. ppm  39. ppm 30. ppm  
240 43. ppm  34. ppm 26. ppm 
300 38. ppm 30. ppm 23. ppm 
 
Table 1.3: Kinetic studies; Concentration profile of phenol. 
Time (min) 
 
30oC 35oC 45oC 
0 61. ppm 60. ppm 61. ppm 
15 60. ppm 49. ppm 48. ppm 
30 59. ppm  48. ppm 46. ppm 
60 57. ppm 45. ppm 43. ppm 
120 53. ppm 41.ppm  40. ppm  
180 50. ppm 39. ppm  37. ppm 
240 48. ppm 38. ppm 35. ppm 
300 46. ppm 36. ppm 33. ppm 
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Figure 6.1: First order plot of 4-nitrophenol at 30oC. 
 
Figure 6.2: First order plot of 4-nitrophenol at 35oC. 
 
Figure 6.3: First order plot of 4-nitrophenol at 45oC. 
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Figure 6.4: First order plot of o-cresol at 30oC. 
 
Figure 6.5: First order plot of o-cresol at 35oC. 
 
Figure 6.6: First order plot of o-cresol at 45oC. 
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Figure 6.7: First order plot of phenol at 30oC. 
 
Figure 6.8: First order plot of phenol at 35oC. 
 
Figure 6.9: First order plot of phenol at 45oC. 
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Figure 6.10: Arrhenius equation plot for 4-nitrophenol. 
 
Figure 6.11: Arrhenius equation plot for o-cresol. 
 
Figure 6.12: Arrhenius equation plot for phenol. 
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Table 2.1 Rate constants. 
 Analyte  30oC 40oC 45oC 
4-nitrophenol 8.74E-04 min-1 1.13E-03 min-1 2.29E-03 min-1 
o-cresol 1.70E-03 min-1 2.35E-03 min-1 3.22E-03 min-1 
Phenol 9.25E-04 min-1 1.09E-03 min-1 1.29E-03 min-1 
 
 
Table 2.2: Activation energies (Ea). 
Analyte Activation Energy (Ea) (kJ/mol) 
4-nitrophenol 46.4 
o-cresol 33.7 
Phenol 18.6 
 
 
 
 
 
 
 
32 
 
 
 
 
Figure 7.1 Representative chromatogram of 20 ppm 4-nitrophenol. 
 
Figure 7.2 Representative chromatogram of 20 ppm o-cresol. 
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Figure 7.3 Representative chromatogram of 20 ppm phenol. 
 
 
Table 3: Retention times of phenolic solutions.  
Analytes Retention time (min) 
Phenol 4.54 
4-nitrophenol 5.26 
o-cresol 6.25 
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Figure 7.4 Calibration curve for mixture of standard solutions.   . 
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Figure 8.1 Calibration curve for calculating partition coefficients 4-nitrophenol with 
varied amount of polymer. 
 
Figure 8.2 Calibration curve for calculating partition coefficients o-cresol with varied 
amount of polymer. 
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Figure 8.3 Calibration curve for calculating partition coefficients phenol with varied 
amount of polymer. 
 
Table 4.1: UV-Vis results of the 60 ppm individual analytes with varied amount of 
polymer. 
Analytes Partition coefficients 
o-cresol 41.3 
4-nitrophenol 28.2 
Phenol 14.2 
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Table 4.2: HPLC results of the 60 ppm individual analytes with fixed amount of polymer. 
Analytes Area of standard 
(arbitrary units) 
Area of sample 
(arbitrary units) 
Partition 
coefficients 
o-cresol 314926.66 49382.66 52.1 
4-nitrophenol 336074.67 75512.33 33.4 
Phenol 244179.67 106812 12.4 
 
 
Table 4.3: UV-Visible results of the 60 ppm individual analytes with fixed amount of 
polymer. 
Analytes Absorbance of 
standard 
Absorbance of 
sample 
Partition 
coefficients 
4-nitrophenol 1.287 0.301 31.3 
o-cresol 1.429 0.215 54.6 
Phenol 1.026 0.445 12.6 
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Figure 8.4 Representative chromatogram of 60 ppm mixed analyte solution for 
calculating partition coefficients of with fixed amount of polymer. 
 
 
Table 4.4: HPLC results of the 60 ppm of mixed analytes with fixed amount of polymer. 
Analytes Area of sample        
(arbitrary units) 
Partition coefficients 
o-cresol 33943.2 45.1 
4-nitrophenol 74855.6 22.7 
Phenol 76850.1 11.1 
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Figure 9.1: SEM picture of the polymer 
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Figure 9.2: Bright and dark field image of dry polymer 
 
Figure 9.3: Bright field image of dry polymer measured 
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Figure 9.4: Bright field image and dry field image of treated with 4-NP 
 
Figure 9.5: Bright field image of measured polymer treated with 4-NP 
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Figure 9.6: Bright field image and dry field image of treated with phenol 
 
Figure 9.7: Bright field image of measured polymer treated with phenol 
43 
 
 
 
  
Figure 9.8: Bright field image and dry field image of treated with o-cresol 
 
Figure 9.9: Bright field image of measured polymer treated with o-cresol 
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Table 5: Average lengths of measured polymer beads. 
Polymer Length 1 (mm) Length 2 (mm) 
Untreated Dry 4.0 ± 0.4 3.1 ± 0.2 
4-Nitropheol 4.3 ± 0.2 3.1 ± 0.3 
o-Cresol 4.1 ± 0.4 2.9 ± 0.3 
Phenol 3.9 ± 0.2 2.7 ± 0.2 
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III. RESULTS AND DISCUSSION 
A. Objectives: 
 The main objectives of this study were: i) to determine the absorption 
characteristics of phenolic derivatives by ELVAX 40W polymer beads using HPLC and 
UV-Visible spectrophotometry. ii) to determine the partition coefficients. iii) to 
determine regeneration potential of the polymer. iv) to determine the kinetic aspects of 
the interaction between phenol derivatives and Elvax 40 W. v) to determine the capacity 
of Elvax 40 W to absorb high concentrations of 4-nitrophenol. 
B. Absorption calibration curve: 
In order to obtain a calibration curve of individual analytes absorption tests were 
performed. Standard solutions were prepared to generate calibration curves analyzed by 
UV-Visible spectrophotometer wavelength of 316 nm for 4-nitrophenol, 269 nm for 
phenol and 270 nm for o-cresol. Graphs are illustrated in Figures 3.1, 3.2 and 3.3. All 
graphs showed > 0.99 R2 values. 
C. Pretreatment of polymer with methanol: 
 A 100.00 mL solution of 60 ppm 4-nitrophenol was treated with 10.00 g polymer 
beads which were pre-washed with methanol. This solution was subsequently analyzed at 
regular intervals by UV-Vis spectrophotometry and the resulting concentration was 
calculated. The amount of 4-nitrophenol absorbed by the polymer beads did not vary 
significantly as that by the polymer beads which were used without any washing. This 
can be stated by observing the plot of concentration (ppm) vs. time (min) in Figures 4.
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 and 4.2. Therefore, it can be concluded that there is no significant increase or decrease in 
the absorption of 4-nitrophenol by the polymer when they are washed with methanol. 
Thus it is ascertained that the polymer can be used as received. 
C. Polymer absorption: 
 We were interested in determining the kinetic aspects of this reaction. Figures 5.1, 
5.2 and 5.3 show the concentration profiles determined over a period of 6 hours. As seen 
in the figures, there was a steady decrease in concentration of the analytes. 
An extended time period was necessary in order to determine the time to reach 
equilibrium. Plots of Concentration (ppm) vs. Time (min) showed that a constant 
concentration was reached after 48 hours. These results are shown in Figures 5.4, 5.5 and 
5.6. There was a rapid decrease in the concentration in first 300 minutes and very low 
concentrations of respective analytes were detected after 48 hours. Therefore it is 
hypothized that the polymer can be used to reduce the concentration of toxic substrates to 
sub-inhibitory levels of microorganisms for the purpose of biodegradation. These results 
suggest that the absorption of the analytes by the polymer is rapid enough for successful 
application in a two phase partitioning system. 
D. Kinetic Studies: 
Kinetic studies were performed as outlined in the experimental section of this 
thesis. Results illustrated a first order dependence. The resultant time-concentration data 
at various temperatures is summarized in Tables1.1-1.3 for 4-nitrophenol, o-cresol and 
phenol respectively. The first order kinetic plots at each temperature are shown in Figures 
6.1 - 6.3 for 4-nitrophenol, Figures 6.4 - 6.6 for o-cresol. Similarly Figures 6.7 - 6.9 show 
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results for phenol. Rate constants were calculated at various temperatures and are listed in 
Table 2. Also, the ln[concentration] vs. 1/T (oC) was plotted in order to determine the 
activation energy (Ea). These results are also seen in Table 2. Graphs for 4-nitrophenol, o-
cresol and phenol are illustrated in Figures 6.10 - 6.12 respectively. The activation energy 
for 4-nitrophenol was calculated to be 46.4 kJ/mol. Similarly for o-cresol and phenol the 
activation energy was calculated as 33.7 kJ/mol and 18.6 kJ/mol respectively, also 
represented in Table 2. 
E. HPLC analysis: 
 Calibration curves of phenolic analytes were determined by using HPLC. Initially, 
20 ppm analyte solutions were prepared and retention times of the individual analytes 
were noted for identification purposes. The chromatograms for 20 ppm analytes are 
shown in Figures 7.1, 7.2 and 7.3. Working standard solutions of 5.0 ppm, 10 ppm, 15 
ppm and 25 ppm were then prepared for 150 ppm stock solution and analyzed by HPLC. 
By using this data the calibration curve of individual analytes were plotted by using Area 
(arbitrary units) vs. concentration (ppm) shown in Figures 7.4. The standard solutions 
analyzed were the mixture of three analytes and hence resulted in three peaks. Retention 
time of 4-nitrophenol was found to be 5.26 which resembled to peak 2 in mixture 
solution. Similarly for o-cresol and phenol retention time was found to be 6.25 and 4.54 
which resembled to peak 3 and peak 1, respectively. Retention times are also summarized 
in Table 3.  
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F. Partition coefficients: 
Partition coefficients were calculated as the ratio of initial concentration of 
substrate solution divided by the final concentration of substrate, at equilibrium. 
VL CO = VL CL + (MS/ρ)PCL 
 
This equation can be expressed in a linear form as,  
Co / CL = 1+ (Ms / VL × P / p). 
Where, P = Partition Coefficient, Co = Concentration in liquid phase at 0 time, CL = 
Concentration in liquid phase at t time, Ms = Polymer mass, VL = Liquid Volume, p = 
Density of polymer. 
Partition coefficient tests were carried out with varying amount of polymer as well as 
fixed amount. Some of them are as follows, 
a) Partition coefficient test of individual analyte solution with varied amount of 
polymer: 
In this test, 0.50, 1.0, 2.0, 3.0 and 4.0 g of polymer was added to 30.00 mL of 
individual analyte solutions having a concentration of 60 ppm. The final 
concentration was measured when equilibrium was reached after 48 hours. 
The solutions were then analyzed by using UV-Vis same as in C.1 in the 
experimental section. To calculate partition coefficients plot of CO/CL vs. 
MS/VL was plotted which are reported in Figures 8.1, 8.2 and 8.3. The 
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partition coefficient for 4-nitrophenol was found to be 28.2, also for o-cresol 
and phenol the partition coefficient was 41.3 and 14.2 respectively. These 
results are also summarized in Table 4.1. 
b) Partition coefficient test of individual analyte solution with fixed amount of 
polymer: 
In this test, 10.0 g of polymer was added to the individual 60 ppm analyte 
solutions with a working volume of 100.00 mL. The final concentration was 
measured when a constant concentration in liquid phase was reached i.e., after 
48 hours. The solutions were then analyzed by using UV-Vis and HPLC. The 
partition coefficient for 4-nitrophenol was found to be 33.4 by HPLC and 31.3 
by UV-Vis. For o-cresol the partition coefficient was 52.1 by HPLC and 54.6 
by UV-Visible. For phenol the partition coefficient was 12.4 by HPLC and 
12.6 by UV-Visible. These results are listed in Tables 4.1 and 4.3.  
 
c) Partition coefficient test of mixed analyte solution with fixed amount of 
polymer: 
This test was performed by using a fixed amount of polymer but with a 
mixture of three analytes in solution. Solutions containing 60 ppm of each 
analyte were prepared from a 150 ppm stock solution of mixture of a analyte. 
The working volume of the mixed substrate solutions was 100.00 mL and the 
polymer amount added was 10.0 g. After adding the polymer beads to the test 
solution, the final concentration was measured after 48 hours by HPLC. The 
respective HPLC chromatograms of mixed substrate solutions are shown in 
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Figure 8.4. The partition coefficient for 4-nitrophenol was found to be 21.1, 
also for o-cresol and phenol the partition coefficients were 44.3 and 10.3 
respectively. These results are also summarized in Table 4.4. It is therefore 
concluded that the presence of multiple analytes did not inhibit the 
partitioning.  
F. Physical property changes and surface analysis of polymer beads: 
 There was a speculation that there might be presence of pores on the inner and 
outer surface of the polymer which is responsible for absorption of the analytes. Scanning 
electron microscopy studies of polymer beads shown in Figure 9.1 were taken at a 
resolution of 200 nm. These micrographs did not reveal any pores on the inner surface 
and outer surface of the polymer. Therefore an image of higher resolution is required to 
reveal further surface characteristics.  
 It was also assumed that there might be a change in size and shape of the polymer 
when subjected to analyte solutions. Studies were performed using light microscopy and 
images were taken using dark field and bright field low magnification. Resultant images 
of the untreated fresh beads are shown in Figures 9.3 and 9.4. Images of the polymer 
from bright field were selected and 15 polymers from each analyte solutions were 
measured for their lengths as shown in Figures 9.5-9.9. The resultant data is summarized 
in Table 5. Realizing the inherent variation in size and shape of the polymer beads, there 
was no significant increase or decrease in the size and shape of polymer beads when 
placed in analyte solutions. 
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G. Regeneration of polymers: 
 The tests performed as described in the experimental section were designed to 
ascertain whether or not the polymer beads could be regenerated. Results show that by 
simply placing the beads in water, the release of analyte is significant. HPLC analysis 
reveals the percentage of 4-nitrophenol recovered was 69.6 while that of o-cresol and 
phenol was found to be 71.2 % and 44.8 %. Therefore these polymers can be reused for 
lowering the concentrations of analytes. However further tests are needed to determine 
how to enhance the recovery. 
F. Capacity of polymers: 
 Comparatively high concentrations of 4-nitrophenol were analyzed to determine 
the extent of analyte uptake by the polymer. A calibration curve consisting of 100 ppm, 
250 ppm, 500 ppm and 750 ppm 4-nitrophenol were made as shown in Figure 10. Results 
indicate that even at high concentrations (up to 2000 ppm in this study) the polymer 
maintained its partitioning integrity. Partition coefficients were calculated and it was 
found that up to 2000 ppm partition coefficients were the same. The calculated partition 
coefficients are summarized in Table 6.
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IV. CONCLUSION 
1) The study was carried out to determine the absorption of analytes by the 
polymer. The results showed that there was a significant decrease in the concentration of 
analytes which demonstrated that ELVAX 40W polymer had a significant interaction 
with the analytes. The degree of interaction showed a higher affinity for o-cresol 
followed by 4-nitrophenol and phenol. The difference in the affinity is attributed to 
hydrophobicity of the compounds. 
2) Kinetic studies illustrated a first order dependence on the absorption of the 
phenols tested. Activation energies were also determined for each analyte. Rate constants 
were on the order of 10-4 min-1. Activation energy ranged from 19-46 kJ/mol. 
 3) The partition coefficient of o-cresol was found to be greater than 4-nitrophenol 
followed by phenol. Comparing the partitioning coefficient values for the analytes 
suggest that there is a correlation between hydrophobicity and absorption. 
4) Partition coefficients when calculated for the mixed analyte solution, revealed 
that the presence of other analytes does not impact the respective partitioning coefficient. 
5) ELVAX 40W beads when viewed by light microscope did not suggest any 
significant change in the size and shape of the polymer beads when placed in aqueous 
solutions. This illustrates the integrity of the polymer in aqueous solutions. 
6)  Regeneration tests showed that a release of analyte from the polymer is 
possible when the beads are placed in water. Therefore the ability to reuse the polymer is 
possible and therefore cost efficient.
54 
 
 
 
7) The ELVAX 40W beads were able to lower high concentrations of up to 2000 
ppm of 4-nitrophenol without saturation.
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V. FUTURE WORK 
1) Solid-liquid two phase partitioning system will be used to biodegrade toxic 
organic compounds such as phenols and substituted phenols using a microbial 
consortium. 
 2) Surface analysis to find any microbe adhesion on the surface of polymer. 
3) Develop techniques to enhance analyte delivery. 
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